The isatin based thiosemicarbazones exhibit a number of biological applications. In this paper, we explore various rotamers and tautomers of the title molecule using density functional theory at the B3LYP/6-311++G** level. Investigation reveals that one tautomer dominates the gas phase, of which one of the rotamers constitutes 87% of the gas phase population. The Z configuration about the imine linkage is satisfactorily accounted for by the C=O…H hydrogen bonding that results in this planar structure. The orientation of the amine group is also explained by N-H…N hydrogen bonding. The weakening of the C=S bond by hyperconjugative interactions and extended conjugation involving the five membered ring are revealed by an NBO analysis. Comparison of computed geometrical parameters and vibrational frequencies with experimental ones shows good correlation.
INTRODUCTION
The biological activities of isatin and its derivatives have been known for a long time. Isatin itself exhibits a range of actions, such as CNS-MAO inhibition, and sedative, anticonvulsant and anxiogenic activities [1] . Similarly, isatin derivatives are also known to possess a wide spectrum of pharmacological properties, including antihelmintic, antibacterial, anticonvulsant, antifungal, antineoplastic, antiviral, cysticidal, herbicidal, hypotensive and enzymatic inhibition [1] [2] [3] [4] . Among these, isatin-derived thiosemicarbazones have raised considerable interest [1, [5] [6] [7] [8] [9] [10] [11] [12] . Isatin-3-thiosemicarbazone (IBT) and 1-methylisatin-3-thiosemicarbazone (M-IBT) were the first antiviral drugs used in humans [13] , and it was proposed that their mode of action may involve metal ion chelation [14] . M-IBT, 1-ethylisatin and 2-hydroxyethyl thiosemicarbazone were determined to be effective antiviral chemoprophylactic agents in tissue cultures, animal studies, and clinical practice [15] . Different derivatives of M-IBT also possess significant anticancer activity [16] . It was also found that isatin-based thiosemicarbazones protect mice against the intracerebral vaccinia virus, while isatin-based semicarbazones were inactive [17] . All the above-mentioned properties of IBT are mainly a result of its chelating ability. Most of the complexes of IBT are known to involve its thione form, thiol form, or thiol-enol form [11, [18] [19] [20] [21] [22] . Hence, we may conclude that tautomerism affects its chelating properties, and it is worthwhile to study the tautomers and conformers of IBT in order to have a better insight into the chelating ability of the molecule.
Isatin-3-thiosemicarbazone ( Figure 1 ) consists of an isatin ring and a thiosemicarbazone chain. The six and five membered rings of the isatin moiety are planar [19] . In this molecule, there are several potential hydrogen bond donor and acceptor groups, viz., an -NH 2 group, a keto group, an imine linkage (C=N), a hydrazine hydrogen (NH) and a thione (C=S) group. Therefore, the presence of the -NH group adjacent to the keto group, and the -NH and -NH 2 groups adjacent to the thione group (C=S), leads to a large number of possible tautomers (Fig. 1) . Theoretical studies on the relative energies at the B3LYP level with the 6-31G(d,p) and LANL2DZ basis sets are available for the tautomers of 5-methoxyisatin-3-(N-cyclohexyl)thiosemicarbazone, which is one of the derivatives of isatin-3-thiosemicarbazone [23] , but, to our knowledge, no such study is available for IBT itself. In the present work, we have performed a DFT study of all the tautomers and conformers of IBT in both the gas and aqueous phases. 
COMPUTATIONAL METHODS
Because of the presence of several rotatable bonds, several conformers are possible for each of the tautomers of IBT shown in Figure 1 . We first performed a conformational search for each tautomer in order to identify the low energy thermally accessible conformations. This was done using the highly efficient Monte Carlo Multiple Minimum (MCMM) approach [24] with the MMFFs force field [25] . The MCMM protocol searches the entire potential energy surface (PES) for low energy minima. The algorithm uses a starting geometry, randomly varies some of the torsion angles and minimizes the ) resulting structure. This is then compared with previously obtained structures for redundancy by superimposing the heavy atoms. If the Root Mean Square Deviation (RMSD) is less than or equal to 0.5 Ǻ, the structure is rejected as a duplicate and the process continued. Only the low energy structures are used as starting geometries for further steps, and these are used uniformly. The procedure is terminated when no further low energy structure is obtained. Convergence is also judged from the number of times the Global Energy Minimum (GEM) is found in the MC procedure. Only structures within 20 kJ mol -1 of the GEM were used as starting geometries in this work. The 20 kJ mol -1 energy window was considered sufficient, since only those conformers which are within 5 kJ mol -1 of the GEM are likely to be present at room temperature according to the Boltzmann equation. We thus obtained a total of 35 conformationally diverse structures, distributed as follows: 3 for tautomer I, 6 for II, 2 for III, 5 for IV, 10 for V and 9 for VI. These structures were then subjected to more accurate computations using Density Functional Theory (DFT) with the B3LYP hybrid functional [26] , implemented in Jaguar 7.6 (Schrödinger, LLC). It was ascertained that the normal-mode analysis for each final structure revealed no imaginary frequencies. The vibrational frequencies were scaled by a factor of 0.9679 and the zero-point energies by 0.9877 [27] to account for the anharmonicity corrections, and the scaled zero-point energies were added to the calculated energies to give the final energies. Thermochemical analysis at 298.15 K and 1 atm pressure was carried out using these vibrational frequencies assuming ideal gas behavior to account for thermal contributions to the internal energies and enthalpies, as well as entropy contributions to the Gibbs energies. The NBO (Natural Bond Orbital) [28] method was used to identify the best resonance structure of IBT.
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Aqueous phase calculations were performed using a self-consistent reaction field (SCRF) method. The solvent was described by the Poisson-Boltzmann SCRF [29] , with the dielectric constant (ε) taken as 80.37 for water. PB-SCRF is a continuum solvation model, where the molecule is put into a reaction field consisting of surface charges on a solvent accessible surface constructed using a hypothetical spherical solvent probe molecule with a radius set at 1.40 Å for water. In this method, the wave function and the reaction field charges are solved iteratively until self-consistency is achieved. This method has been found to give accurate solvation energies, with mean errors of 2 -3 kcal mol -1 , even while modeling anions [30] . Furthermore, continuum methods such as this offer many advantages over explicit solvent methods whereas explicit solvent methods suffer from convergence problems, and different starting geometries of the solvent or longer simulation times often produce different final energies. Complete geometry optimizations with no restraints were performed for the aqueous phase. UV-Vis spectra were calculated using the Time-Dependent DFT (TD-DFT) approach [31] [32] [33] . All computations were performed using the Schrödinger 2009 suite.
RESULTS AND DISCUSSION

Relative Energies in Gas Phase and Aqueous Solution
All low energy conformers of the various tautomers of isatin-3-thiosemicarbazone (IBT), revealed by the MMFFs calculation, and optimized at the B3LYP/6-31G** level, are displayed in Table  A1 (Supplementary Information), which also lists their calculated relative energies with respect to the gas phase conformer I(a), for both the gas phase and the aqueous phase. These calculations were performed with the B3LYP/6-31G** procedure, and no zero-point vibrational energy corrections were applied at this stage.
It is clear that, apart from tautomer I, no other tautomer is likely to exist at room temperature, since tautomer II, which is closest in energy to I, has a relative energy of 17 kcal mol -1 , implying that the ratio of the populations of II and I at room temperature is negligible (~0.001). However, some other tautomers may also show chelating properties [11, [18] [19] [20] [21] [22] . Because of the large number of tautomers [23] and conformers of IBT, we discuss each one of them in detail and consider their relative stabilities, both in the gas phase and in the aqueous phase. The most stable rotamer of each tautomer is shown in Figure 1 , along with the numbering scheme. Tautomer I This is the key tautomer and comprises the gas phase population almost exclusively. Various conformers of this tautomer are generated by rotation around the C3-N11 and N12-C13 bonds (Figure 1 ). The gas phase is dominated by Tautomer I(a), which, according to the Boltzmann distribution law, exists to the extent of ~87%, along with small quantities of I(b) (~9%), and I(c) constitutes the remaining population (~4%). The overwhelming stability of conformer I(a) ( Table A1 ) may be explained on the following basis:
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Firstly, the formation of a six membered ring, as a result of intramolecular hydrogen bonding between the ketonic oxygen (O10) and hydrazinic hydrogen (H12a) [34, 35] . This factor is also responsible for the existence of the conformer in the Z configuration around the C3-N11 bond [35] . The existence of hydrogen bonding is supported by the calculated value of the distance (2.0 Å) between O10 and H12a, which is smaller than the sum of the van der Waals radii of oxygen and hydrogen (2.68 Å) [36] . The strength of hydrogen bonding (5.7 kcal mol -1 ) in tautomer I(a)
is calculated by the difference in the energy of this conformer and the conformer having E configuration about the C3-N11 bond (I(b)). The hydrogen bond is stronger than the usual value of 2.0 kcal mol -1 for N-H...O hydrogen bonds.
(ii) Secondly, the smaller overlap of the lone pair of electrons on N11 and S14, which leads to lesser interelectronic repulsions. Also, the Z configuration around the C3-N11 bond minimizes the steric clash between H9a and H12a [35] .
Thirdly, the existence of a five membered ring, formed as a result of intramolecular hydrogen bonding between N16 and H15b [19, 34] , which is confirmed by their smaller non bonded distance (2.234 Å) as compared to the sum of their van der Waals radii (2.74 Å) [36] , stabilizes I(a). The strength of hydrogen bonding between N11 and H15b (7.7 kcal mol -1 ) is calculated by the difference in energies between I(a) and I(c), in which this hydrogen bond is lacking. Again, this hydrogen bond is stronger than the usual N-H...N hydrogen bond of strength 3 kcal mol -1 .
Aqueous solvation stabilizes the tautomer by 16.5 kcal mol -1 .
Tautomer II
Six conformers exist for this tautomer, corresponding to rotation around the C3-N11 and N12-C13 bonds and different orientations of the thiol group ( Figure 1 ). Conformer II(d) (Table A1) is the most stable form in both the gas phase and in aqueous solution. It is 17.0 kcal mol -1 higher in energy than the global minimum in the gas phase and 18.2 kcal mol -1 less stable than the global minimum in the aqueous phase. The stability of II(d) compared to the other conformers may be explained on the basis of the following: (i) Firstly, the existence of intramolecular hydrogen bonding between N11 and H12a, which is confirmed by the larger SH bond length (1.365 Å) in II(d) with respect to the SH bond length (1.348 Å) in methyl mercaptan. The larger SH bond length in the gas phase than in the aqueous phase (1.360 Å) suggests the existence of stronger hydrogen bonding in the former. This explains the difference in the relative energy of II(d) in the two phases. Also, the distance between H12a and N11 (1.998 Å) is much smaller than the sum of the van der Waals radii of hydrogen and nitrogen (2.74 Å) [36] , further confirming the presence of intramolecular hydrogen bonding. (ii) Secondly, minimized interelectronic repulsions of the lone pairs located on the N12, O10 and S14 atoms. Both these factors contribute to the stability of II(d). Most of the complexes of the thiol tautomer of IBT are known with conformers II(d) and II(e), which may be explained by the higher stability of these two conformers in the aqueous phase.
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Tautomer III
Unlike the other tautomers, there are only two conformers (Table A1 ) that are possible for this tautomer. These conformers differ in the arrangement of groups around the C3-N11 and N12-C13 bonds, and conformer III(a) (Table A1) is slightly more stable than the other conformer III(b), due to the existence of hydrogen bonding between the hydroxyl oxygen (O10) and the hydrazinic hydrogen (H12a), as evidenced by the small distance (2.084 Å) between the hydroxyl oxygen and the hydrazinic hydrogen.
Tautomer IV
Five conformers (Table A1 ) are possible for this tautomer, corresponding to different arrangements of groups around the N15-C13 bond, and the different orientations of the SH group. The greater stability of IV(b) (Table A1) in the gas phase is associated with reduced interelectronic repulsions of the lone pairs on the N11, S14 and N15 atoms, and the presence of intramolecular hydrogen bonding between H15a and N11.This is supported by the small distance (2.174 Å) between H15a and N11. The steric clash between the H12a, H15a and H15b atoms is minimized in IV(b). However, the order of stabilities of IV(b) and IV(d) is reversed in the aqueous phase.
Tautomer V
Various conformers for this tautomer arise as a result of rotation around the C3-N11 and N12-C13 bonds and the different orientations of SH and OH groups. Ten conformers (Table A1 ) are possible for this tautomer. Conformer V(d) is stable, both in the gas phase and aqueous phase, due to the intramolecular hydrogen bonding between H1a and N12. The elongation of the OH bond of V(d) (bond length = 0.987 Å) with respect to methanol (bond length = 0.961 Å) supports the existence of an intramolecular hydrogen bond between H1a and N12 in the gas phase. This conformer is further stabilized due to the presence of hydrogen bonding between H12a and N11, as reflected in the higher SH bond length in V(d) (1.361 Å) with respect to the SH bond length (1.348Å) of methyl mercaptan.
Tautomer VI
For tautomer VI, nine conformers (Table A1 ) differing in the arrangement of groups about the C3-N11 and C13-N15 bonds, along with the different orientations of the SH and OH groups, are feasible. The greater stability of VI(b) in the gas phase is associated with hydrogen bonding between H12a and O10. The existence of hydrogen bonding is supported by the small distance between H12a and O10 atoms (2.101 Å). Also the configuration of VI(b) minimizes repulsions of the lone pairs of electrons situated on S14, N11 and N15. This configuration also reduces steric clash between H9a and H12a.The existence of intramolecular hydrogen bonding between H15a and N11 further stabilizes VI(b). This hydrogen bonding is confirmed by the reduced non-bonded distance of N11 and H15a (2.180 Å) as compared to the sum of their van der Waals radii (2.74 Å).
Properties of IBT
Based on the above results, it can be concluded that conformer I(a) is the best representation of IBT, as it accounts for 87% of the population in the gas phase. The rest of the gas phase comprises the other two conformers of Tautomer I. In addition to I(a), conformers I(c), II(d), II(e) and V(h) of IBT are responsible for the chelating properties of the molecule [11, [18] [19] [20] [21] [22] . Hence, we re-optimized the geometry of all of these conformers with a higher basis set at the B3LYP/6-311++G** level and calculated their
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Year 2014 | Volume 2 | Issue 3 | Page 327-342 ISSN 2291-6458 (Print), ISSN 2291-6466 (Online) vibrational frequencies at the same level. The calculated B3LYP/6-311++G** vibrational frequencies were used to confirm the nature of all stationary point structures and to account for the zero-point vibrational energy contribution. The calculated relative Gibbs energy data for these conformers at the B3LYP/6-311++G** level is reported in Table 1 . Table A1 and those reported in Table 1 for the larger basis set, and I(a) remains the most stable form of IBT. In the following, we confine ourselves to the study of the properties of this conformer in the gas phase. The largest population of I(a) in the solution phase also may be explained by its high dipole moment (6.95 D). Selected bond lengths for I(a) are listed in Table 2 , along with the experimental values. Table 2 . Selected B3LYP/6-311++G** bond lengths (Å) and bond orders in the gas phase for conformer I(a). [34] Regression analysis between the experimental [34] and theoretical bond lengths yielded an r 2 value of 0.990, which shows that there is only a slight discrepancy between the theoretically calculated bond lengths and the experimental data. This discrepancy is more pronounced in six bond lengths of IBT, ) viz. N12-H12a, N1-C2, N15-H15b, H15b-N11, H12a-O10 and N12-O10 (Table 2) , and may be attributed to the existence of intermolecular hydrogen bonding [34] and crystal packing effects in the solid state, which are otherwise absent in the gas phase. Moreover, the largest variation is for the bonds involving hydrogen and it is well-known that X-ray crystallographic data does not accurately locate their positions. The calculated torsional angles for H9a-C9-C4-C3 (0.1°) and H6a-C6-C5-N1 (0.0°) suggest that the six and five membered rings of the isatin moiety are planar [19, 34] . The dihedral angles for C2-C3-N11-N12 (0.2°) and C4-C3-N11-N12 (179.9°) signify the planarity of the thiosemicarbazone chain with respect to the isatin moiety. The dihedral angle for C3-N11-N12-C13 (-179.6°) implies the planarity of the thiourea moiety with respect to the isatin ring.
Bond
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The computed bond angle corresponding to H12a-N12-C13 (118.5°) suggests that N12 is approximately sp 2 hybridized, which supports the existence of partial double bond character of the N12-C13 bond, as confirmed by the calculated Wiberg bond order ( Table 2 ) of 1.10. Similarly, the bond angles for H15a-N15-C13 (118.3°) and H15b-N15-C13 (120.4°), which are both close to 120°, together with the bond length for the C13-N15 bond, which lies between a C-N bond (1.466 Å) and a C=N bond (1.267 Å), confirms the existence of partial double bond character for the C13-N15 bond, again confirmed by the calculated bond order of 1.25. The bond length for the C13-S14 bond is also intermediate between a C-S bond (1.835 Å) and C=S bond (1.614 Å), and its calculated bond order is 1.55. These observations suggest the involvement of the lone pairs of N15 and N12 in resonance with the adjacent thione group. The bond length for the N11-N12 bond lies between a N-N bond (1.431 Å) and a N=N bond (1.238 Å), which is attributed to the participation of the lone pair of N12 in resonance with the π electron cloud of the adjacent C3-N11 bond, thereby introducing partial double bond character in the N11-N12 bond, as seen from the calculated bond order of 1.20. The non-bonded distance of 2.025 Å between H12a and O10 atoms is less than the sum of the van der Waals radii of hydrogen and oxygen [36] , suggesting the formation of intramolecular hydrogen bonding between O10 and H12a [34, 35] .This hydrogen bond is responsible for the existence of Z configuration around the C3-N11 bond [35] . Also, the non-bonded distance (2.251 Å) corresponding to the N11 and H15b atoms suggests the formation of an intramolecular hydrogen bond between them [34, 35] in the same way as in the case of O10 and H12a. This intramolecular hydrogen bond is responsible for the existence of the E configuration around the N12-C13 bond [19] . Bond angle data corresponding to the H1a-N1-C2 atoms, and bond length data for the N1-C2 bond (bond order = 1.14), which is intermediate between a C-N bond (1.466 Å) and a C=N bond (1.267 Å), suggests that N1 is approximately sp 2 hybridized and hence confirms the participation of the lone pair of N1 in resonance with the adjacent keto group. The weakening of the N12-H12a bond (bond order = 0.74) and the interaction of O10 with H12a (bond order = 0.02), confirm the presence of intramolecular hydrogen bonding between O10 and H12a [34, 35] , as indicated by the bond length data. However, the important point to be noted here is that the weakening of the N12-H12a bond is small, suggested that the intramolecular hydrogen bonding is weak. Furthermore, the calculated value of the bond order of 1.65 for the C2-O10 bond may be attributed to two reasons. The first is the participation of the lone pair of N1 in resonance with the adjacent keto group, and the second is the formation of intramolecular hydrogen bonding between O10 and H12a [34.35] . Also, the natural population analysis of I(a) predicts a natural charge of 0.44 and -0.60 on H12a and O10, respectively, which supports the existence of intramolecular hydrogen bonding between H12a and O10. Reduction in the bond order of the C3-N11 bond is also due to resonance involving the lone pair of the hydrazinic nitrogen (N12) and the π electrons of the C3-N11 bond. The calculated bond orders (Table 3) for the N15-C13, N12-C13 and C13-S14 bonds confirm the participation of the lone pairs of N12 and (Table 3) . Also, the H15b-N11 bond order (0.01) indicates the slight interaction of H15b with N11, which suggests the existence of a very weak intramolecular hydrogen bond between them [34, 35] .The calculated dipole moment for I(a) is 6.95 D and predicts highly polar character of the molecule. For more detailed understanding of the charge transfer within the system, we carried out an NBO analysis (Table 3) . From the NBO analysis, we may conclude that the high occupancy of the π*(C13-S14) orbital is due to the transfer of electron density from the lone pairs of N12 and N15. This results in the weakening of the C=S bond ( Table 2 ). The smaller occupancy of N12 compared with N15 may be explained by the transfer of some of the electron density of N12 to the π*(C3-N11) orbital, which results in the weakening of the C3-N11 bond, which is further weakened by the slight shift of electron density from the π(C9-C4) orbital to the π*(C3-N11) orbital.
The weaker hyperconjugative interaction arising from the donation of electron density from the σ(N15-H15b) orbital to the σ*(C13-S14) orbital also contributes towards the weakening of the C-S bond. The smaller electron density on S14 as compared to N11 is due to larger delocalization of electron density away from S14 to the σ* orbitals of (N12-C13) and (C13-N15).
The lower value of the bond order for the N12-H12a bond may be attributed to the transfer of electron density of the lone pairs situated on N11 and O10 to the σ*(N12-H12a) orbital. The latter interaction and the bond order of 0.02 corresponding to the O10 and H12a atoms supports the formation of intramolecular hydrogen bonding [34, 35] . The low occupancy of O10 as compared to N11 is a result of the shift of electron density from the lone pair of O10 to the σ*(C2-N1), σ*(C2-C3) and σ*(N12-H12a) antibonding orbitals. Therefore, C3-N11-N12-H12a-C13-S14-N15-H15b represents the delocalized region.
Electron density from the π(C3-N11) orbital and lone pair of N1 is donated to the π*(C2-O10) orbital, lowering the bond order of the C2-O10 bond to 1.65. Electron density of the lone pair of N1 is also donated to the π*(C6-C5) orbital, further extending the conjugation to embrace the C3-C2-O10-N1-C5 region, along with the aromatic ring. Based on the geometrical parameters, bond orders, charge densities and NBO analysis, we may conclude that the following resonating structures are possible for I(a) (Figure 2) . The calculated energies of the highest occupied molecular orbital, HOMO (#57) and lowest unoccupied molecular orbital, LUMO (#58) are -0.226 and -0.107 Ha, respectively. The -0.050 Ha isovalue contours for the HOMO (#57) and LUMO (#58) are displayed in Figure 3 . It is clear that the HOMO of isatin-3-thiosemicarbazone mainly comprises the nonbonding p orbital of S14, and hence this is the electron-rich site of the molecule.
This was further confirmed by the Fukui indices for the molecule, which are reactivity indices, used to identify the atoms in a molecule which have a larger tendency to either lose or gain electrons, i.e. the sites of electrophilic or nucleophilic attack in a molecule. The f_NN index is the partial derivative of the electron density with respect to the number of electrons [37, 38] . Usually this is calculated for either the HOMO, in which case it corresponds to the f -or nucleophilicity index, or the LUMO, for which it corresponds to the f + or electrophilicity index. In the present case, this index is maximum in the HOMO for S14 (f -= 0.91) and, therefore, S14 represents the nucleophilic site in the molecule.
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HOMO (#57)
LUMO (#58) Figure 3 . Pictorial representation of the HOMO (#57) and LUMO (#58) of IBT.
The LUMO is concentrated in the C4-C3-N11-C2-O10 region and extends to include the N12-C13-S14 region (Fig. 3) . The negative LUMO energy signifies that isatin-3-thiosemicarbazone is a good electron acceptor. In contrast to the HOMO, the LUMO represents the electrophilic sites of the molecule. It is clear from Figure 3 that the LUMO mainly involves the π* orbitals of the C3-N11 and C2-O10 bonds, which is further confirmed by the largest values of the atomic Fukui index (f_NN) for the LUMO corresponding to N11 (0.25), C3 (0.13), C2 (0.12) and O10 (0.08) atoms. The LUMO can be classified as a π* orbital because of the presence of a node in the C3-N11 and C2-O10 bonds.
To quantify the reactivity of isatin-3-thiosemicarbazone (IBT), we also determined various global reactivity indices, like the chemical potential, chemical hardness, electrophilicity and nucleophilicity for isatin-3-thiosemicarbazone [39, 40] . The vertical ionization potentials (IPs) and electron affinities (EAs) were obtained from the HOMO-LUMO values, which can be used to determine the global electrophilicity value (ω) which is a measure of the energy stabilization when a system acquires an additional electronic charge from the environment [41] . The global electrophilicity value was calculated as µ 2 /2η, where µ is the chemical potential approximated as -(IP +EA)/2, and η is the chemical hardness approximated as (IP -EA). Chemical hardness measures the resistance to change in the electron distribution in a collection of nuclei and electrons [42] . The calculated values of the chemical potential, chemical hardness and global electrophilicity are -4.53 eV, 3.24 eV and 3.17 eV, respectively. The value of η for isatin-3-thiosemicarbazone is small, which indicates that it is relatively soft on the scale of hardness. The global nucleophilicity model (N) [43, 44] is the negative of the gas-phase (intrinsic) ionization potential relative to that of tetracyanoethylene (TCE) (HOMO energy = -0.384 Ha). The calculated value of the nucleophilicity for IBT is 4.30 eV and that for thiosemicarbazide and indole are 4.35 eV and 4.65 eV, respectively, which indicates that IBT is a poorer nucleophile in comparison to indole, but is of comparable nucleophilicity to thiosemicarbazide.
NMR Spectra
The NMR spectra were calculated at the B3LYP/6-311++G** level in DMSO solvent by using the gauge-independent atomic orbital method [45] that provides magnetic shielding constants. The chemical shifts for selected atoms were obtained on the δ-scale relative to TMS through the equation,
where the values of σ TMS (31.96 for H and 185.0 for C) were obtained at the same level of calculation (B3LYP/6-311++G**). The experimental [18] and theoretically calculated chemical shifts for 13 C and 1 H are listed in Table 4 . The correlation between the theoretical and experimental [18] values for The agreement between the calculated chemical shift values using the above linear equation and the experimental ones is not very good, as can be seen from Table 5 . We, therefore, fitted the chemical shift with respect to the charge on the corresponding carbon in polynomial equations of higher degrees, and we found a good fit for a polynomial equation of degree four, as given below
The resulting chemical shifts (Table 5 and Figure 4 ) using the above nonlinear equation correlate well with the experimental chemical shifts.
NICS
To quantify the aromaticity in the ring, we employed the nucleus-independent chemical shift (NICS) method [46] , which is a simple and efficient aromaticity probe. NICS is a magnetic index, defined as the negative absolute magnetic shielding computed at the center of the ring. The NICS values were calculated at the center of the ring, i.e. NICS(0) and at a plane 1 Å above it, i.e. NICS (1) 
Electronic Spectra
The calculated UV-Vis spectrum for IBT using the TD-DFT method in vacuum shows λ max values at 309 nm, 395 nm and 263 nm. These values are in good agreement with the experimental UV-Vis spectrum in the solid state (303 nm, 385 nm and 263 nm, respectively) [18] .
All the three bands result from the π→π* transitions of the aromatic ring and the conjugated thiosemicarbazone chain (Table 6) . A weak intensity band of wavelength 508 nm corresponding to the n→π* transition shows poor agreement with the experimental wavelength (483 nm). This disagreement may be explained by the stabilization of the lone pair located on the heteroatom due to the intermolecular hydrogen bonding in the solid state [34] . The largest contributing orbitals involved in these transitions are reported in Table 6 . 
Vibrational Spectra
The experimental [18] and calculated vibrational wavenumbers are reported in Table 7 . The maximum deviation between the experimental and theoretically calculated wavenumbers corresponds to the N1-H1a bond and the -NH 2 group (asymm). This may be attributed to the involvement of H1a and H15a in intermolecular hydrogen bonding in the solid state [34] .
CONCLUSIONS
From the relative energy data, we may conclude that conformer I(a) constitutes approximately 87% of the population in the gas phase. A detailed analysis of the geometrical parameters of I(a) leads to the conclusion that the six membered benzene ring fused with the five membered ring of the isatin moiety in IBT is planar, and the thiosemicarbazone chain is planar with respect to the isatin moiety. The configuration about the imine linkage (C3-N11) is Z due to the existence of intramolecular hydrogen bonding between the H12a and O10 atoms, and E about the N12-C13 bond due to the existence of intramolecular hydrogen bonding between H5b and N11.
Resonance occurs between the lone pair of N1 with the adjacent keto group, along with the lone pairs of N12 and N15 with the adjacent thione group. The lone pair of N12 is also involved in resonance with the adjacent π electrons of the C3-N11 bond. The lone pair of the thionic sulphur is the nucleophilic ) site, and the π* orbital of the iminic linkage (C3-N11), together with the π* orbital of the ketonic group, constitute the electrophilic site of the molecule. IBT is less nucleophilic than indole, and is 87% aromatic with respect to indole.
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Correlation of the theoretically calculated 1 H-NMR data of IBT with the experimental data suggests the specific interaction of H1a and H15a with the solvent (DMSO). The 13 C chemical shift varies as a polynomial of degree four with respect to the charge on the carbon atom. Comparison of theoretical and experimental electronic spectra suggests the involvement of the lone pairs of heteroatoms in intermolecular hydrogen bonding in the solid state. Correlation between experimental and theoretical vibrational frequencies suggests the involvement of H1a and H15a in intermolecular hydrogen bonding in the solid state.
